Deletion of residues 305 to 327 of polyomavirus middle T antigen, including the (Glu)6-Tyr-315 sequence that is a preferred site of phosphorylation in vitro by pp60C-src, markedly altered viral transformation of rat cells. The efficiency of transformation by the deletion mutant depended on how it was introduced into cells, and the resulting transformants displayed limited growth rates in monolayer and in suspension. Substitution of the polyomavirus residues 305 to 327 with a homologous region (containing [Glu]s-Ala-Tyr) from porcine gastrin did not restore wild-type transforming activity. These mutant middle T antigens interacted with pp60C`sr and were phosphorylated in vitro. Thus, although a sequence of consecutive glutamic acid residues followed by a tyrosine is a dominant structural element which strongly influences the physical properties of middle T antigen, its presence did not ensure the biological activity of the protein. Other elements in this region of middle T antigen also contributed substantially to the transforming capacity of polyomavirus.
Polyomavirus middle T antigen induces immortalized rodent cells to form foci in monolayer culture and to grow in suspension (24, (32) (33) (34) 45) . The biochemical function(s) responsible for these activities remains to be elucidated. However, some insights may be gained by examining the genetic organization of the middle-T-antigen gene. It is made up of four distinguishable regions: the 5' sequences encode amino-terminal residues shared with small and large T antigens; adjacent DNA encodes amino acids shared only with small T antigen; and the remainder of the protein is encoded by DNA which also specifies large-T-antigen sequences. The latter region can be subdivided into that part which is homologous to simian virus 40 (SV40) (as are most of the small-, middle-, and large-T-antigen sequences) and that part which has no detectable homology to SV40 DNA (13, 41) . Mutations in each of these distinct segments alter the transforming function of middle T antigen (4, 7, 8, 14, 19, 25-27, 29, 31, 40) .
We focused upon that portion of middle T antigen which has no homology with SV40, thinking that it may provide clues about the unique transforming functions of middle T antigen. A sequence in this region is remarkable for having six consecutive glutamic acid residues. Such a sequence is extremely rare and must exert a profound affect upon the conformation of the protein. These residues, together with other nearby amino acids, are homologous to the polypeptide hormones gastrin and cholecystokinin, prompting the suggestion that middle T antigen and gastrin are related in origin or function or both (1) . Mutant viruses with in-frame deletions extending up to the (Glu)6 region are largely unimpaired in their transforming ability (3, 14, 19, 29, 40, 43) . However, most mutants lacking the penultimate Glu residues or adjacent amino acids or both are altered in their transforming ability, and in one instance in which the transformants have been characterized (cells transformed by d123), they have been observed to differ significantly from cells transformed by wild-type virus (19, 38 (Glu)6 sequence is the tyrosine (residue 315) which serves as a primary in vitro phosphorylation site by pp6Ocsrc when the two proteins are associated (5, 11, 12, 15, 20, 21, (35) (36) (37) . Elimination of this tyrosine reduces phosphorylation and, as reported by Carmichael et al. (8) , nearby abolishes transformation of Rat Flll cells but, as reported by Oostra et al. (31) , has no effect upon transformation of Rat-1 cells. The analogous tyrosine in gastrin is sulfated, and reportedly this modification greatly affects its biological activity (1) .
We examined the importance of the (Glu)6-Tyr-315 sequence (and nearby residues) in transformation, first by deleting these coding sequences from polyomavirus and then by substituting the homologous sequence from porcine gastrin (47) . We found that deletion of the (Glu)6-Tyr-315 region has a profound effect upon the phenotype expressed by rat transformants and, depending upon the assay, markedly reduces the frequency of transformation. Substitution of the homologous porcine gastrin sequences containing a (Glu)5-Ala-Tyr sequence, however, does not restore transforming function. This indicates that the sequence of consecutive acidic residues and a tyrosine, which is a dominant structural feature of this part of middle T antigen, is not of singular importance for its biological activity. Other sequences in this region must determine the capacity of middle T antigen to induce rapid proliferation of cells in confluent cultures and in suspension. Fig. 2 ); viral DNA excised from this plasmid is infectious (its plaques are indistinguishable from wild-type virus), and it transforms cells efficiently (see Fig. 3 ).
MATERIALS
The construction of MT-dll required the deletion of sequences between the filled-in BglII linker ( (Fig. 2) .
MT-GAS is a substitution mutant in which 73 nucleotides of polyomavirus DNA (those deleted in MT-dll) are replaced by 103 nucleotides of porcine progastrin (derived from a porcine preprogastrin clone generously provided by K. Agarwal). This construction involved the assembly of an intermediate DNA, mp8-GASPy, containing the gastrin sequences joined to polyoma sequences through an XmaHpaII fusion. In this virus 34 gastrin amino acid residues replace 24 middle-T-antigen residues (Fig. 2) . To make a more homologous substitution, we modified MT-GAS by removing a portion of the progastrin gene between the ApaI and BalI sites (Fig. 1 ). The resulting virus (MT-GASdlAB) contains 25 gastrin amino acids replacing 24 middle-Tantigen residues (Fig. 2) . The identity of all important sequence junctions in these constructs was determined by restriction enzyme digestion and nucleotide sequencing.
Transformation assays. DNAs were transfected into cells by a modification of the calcium phosphate coprecipitation technique (18) , using 2x HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered saline and 2. bromophenol blue-20% P-mercaptoethanol, and boiled. After the cells were pelleted, the proteins in half of each sample were fractionated in a 7.5% polyacrylamide-SDS gel with conditions as described by Laemmli (23) . The gel was autoradiographed at -70°C with Kodak X-Omat XAR film and Du Pont intensifying screens.
Protein kinase assays. After being washed with cell extraction buffer, extracts to be tested for middle-T-antigen phosphorylation were washed once with 0.25 ml of TBS (20 mM Tris [pH 7.5], 140 mM NaCl) and then suspended in 9 pA of 20 mM Tris (pH 7.5)-5 mM MgCl2. After the addition of 1 pA (10 ,uCi) of [y-32P]ATP (5,000 Ci/mmol), the extracts were incubated for 10 min at 30°C. The reaction was stopped by the addition of ice-cold TBS, and the extracts were prepared for electrophoresis as just described.
Partial proteolysis of proteins. Partial proteolysis of proteins was performed as described by Cleveland et al. (10) with modifications by Courtneidge and Smith (11) .
RESULTS
Biological activity of the constructs. MT-IF and its three derivatives, MT-dll, MT-GAS, and MT-GASdIAB, were fully infectious and produced plaques which were indistinguishable from wild-type virus, indicating that the replicative functions expressed by these viruses were unimpaired. Their transforming capacities were measured with Rat-1 and FR3T3 cells in several ways. The results varied significantly with the type of assay and the cell type; consequently, it is not possible to simply summarize the effect of deleting the (Glu)6-Tyr-315 region and of its replacement of homologous sequences from progastrin. (28); filled-in boxes, pGL101 DNA; stippled boxes, pBR322 DNA; hatched boxes, porcine gastrin cDNA sequences. A, ApaI; B, BamHI; Bg, BglII; Bal, BalI; B/P, BgII-PvuII junction; C, ClaI; E, EcoRI; H, HpaII; N, NciI (XmaIII-HpaIl); P, PvuII; S, Sstl; X, XmaIII.
formation (Fig. 3) . When foci were counted after 14 days, the apparent transforming efficiency of these DNAs was only a few percent of that observed for wild-type virus. After 4 to 5 weeks, however, numerous small foci appeared in the Rat-1-transfected cells, and considering these, the efficiency of transformation rises to 10 to 20% of the wild type (Fig. 3) . However, the cells in these foci grew 
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Sequences of mutant middle T antigens. Amino acid residues are indicated by single-letter abbreviation: A, alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; N, asparagine; P, proline, Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. Polyomavirus residues are in large type, superscribed with dots.
Gastrin residues are underlined. Mutant d123 is described by Griffin and Maddock (19) . WT, wild type.
later and grew more slowly than those from wild type-and MT-IF-transfected cells; after 4 to 5 weeks the transformation rate by these mutants was 10 to 15% that of MT-IF DNA.
Cleavage of polyomavirus DNA at the EcoRI site interrupts the large-T-antigen sequences, and only 5 to 10% of transfected molecules within a cell are ligated correctly (22) . To explore whether the delayed formation of foci by the polyomavirus mutants is caused by an increased dependence upon large-T-antigen function in the initiation of transformation (32, 33), we circularized the EcoRI-digested plasmids before transfection. Again, the mutants induced small, slowgrowing foci in monolayer cultures or colonies in agar (data not shown), and the efficiency of transformation was similar to that of ligated DNAs (Fig. 3) .
These results indicate that deletion of DNA encoding (Glu)6-Tyr-315 and nearby residues diminishes the capacity of polyomavirus to transform rat cells. Substitution of homologous gastrin sequences did not restore the transforming capacity of the virus. The magnitude of the effect of deleting the (Glu)6-Tyr-315 sequences upon transformation appeared to be dependent upon the cell type, however.
To explore whether introducing the viral DNAs by alternative means might make more similar the transformation efficiencies observed with Rat-1 cells and FR3T3 cells, we measured transformation with intact viruses rather than with DNAs. Virus stocks were prepared from MT-IF, MT-dll, and MT-GAS DNAs, and their identity and purity were checked by restriction enzyme digestion; the wild-type control in this case was Ad175, a virus containing the adenovirus 2 major late promoter substituted for the polyomavirus early promoter (16) . Focus assays of infected FR3T3 cells infected at low multiplicity (.1 PFU per cell) indicated that MT-dll and MT-GAS had, respectively, 15% and 10 to 40% the transforming ability of Ad175 or MT-IF after 2 to 3 weeks (Fig. 3B) . Mutant d123, a virus lacking sequences including those deleted in MTdll (19) , had 3% the transforming efficiency of Ad175 virus. For all three mutants, the foci produced were very small and slow growing. Similar results were obtained with infected Rat-1 cells (Fig. 3B) . Increasing the multiplicity of infection to 5 PFU per cell significantly raised the efficiency of transformation, so that MTdl1-and MT-GAS-infected FR3T3 and Rat-1 cell cultures contained 30 to 100% the number of transformed colonies, as did MT-IF-infected cultures (data not shown). Similarly, Seif (38) has observed that at high multiplicities, d123 transforms as efficiently as wild-type polyomavirus. In all instances however, the colonies had very different phenotypes from those formed by wild-type virus.
These observations indicate that altering the means by which viral DNA is presented to cells affects the frequency of transformation but not the phenotype manifested by the transformed cells. This is most likely because the number of cells exposed to viral DNA differs upon infection by virus or by DNA transfection. Why the efficiency of transformation for mutant genomes relative to wild-type DNA varies with the method of introduction is not clear, however. Gene dosage may determine whether a cell will become transformed, and higher amounts of DNAs encoding defective proteins may be required to commit a cell to becoming transformed.
In vitro phosphorylation of middle T antigen. Although in vivo there is little phosphorylation of middle T antigen, it has been suggested that middle T antigen helps transform cells by quantitatively altering pp60c-src activities (6, 46) . To ascertain how well these mutant middle T antigens associated with pp6ocsrc, we determined the extent to which they were phosphorylated in vitro. 35S-labeled extracts from infected 3T6 cells immunoprecipitated with antipolyomavirus tumor serum revealed that the polyomavirus middle-T-antigen species from MT-IF, Ad175, and MT-GAS migrated as 56-, 55-, and ca. 53-kilodalton (kDa) species, respectively (Fig. 4A) GASdlAB indicated that they also were phosphorylated in vitro (Fig. 4C) . Frequently, additional proteins with apparent masses of 55 to 56 kDa were observed, and these were often the major phosphorylated species. They appeared to be unrelated to polyomavirus middle T antigen (by V8 proteolysis) and were dependent upon the preparation of antibody. Fig. 4C illustrates such species, together with the phosphorylated middle-T-antigen species encoded by mutants MT-dll and d123. In general, the amount of the 55-to 56-kDa protein was enhanced in immunoprecipitates of cell extracts from deletion mutants such as MT-dll and d123. At present we do not know the significance of such coprecipitation.
The mobilities of the middle T antigens from these constructs could not be predicted from their sequence changes. Middle T antigen from wild-type virus contains 421 residues and would be expected to migrate as a protein of approximately 49 kDa. Instead, it has the mobility of a protein of 55 kDa (15, 35, 39) . The mobility of the middle T antigen of MT-IF was 56 kDa; that of MT-GAS was 53 kDa; and that of MT-dll was 49 kDa (averaged over several experiments). These significant variations from the expected mobilities indicate that the conformation of the (Glu)6-Tyr-315 region strongly influences the electrophoretic mobility of the protein, presumably because it is unlike most other protein domains and does not bind SDS. The sequence of consecutive glutamic acids is highly polar and hydrophilic. Alterations in this region clearly affect the physical properties of middle T antigen as well as its biological properties.
In most experiments the amount of metabolically labeled middle T antigen present in extracts of different mutants was roughly equivalent, as was the amount of protein phosphorylated in vitro (Fig. 4A and B) . As the latter assay is not quantitative, any conclusion about relative degrees of phosphorylation is quite subjective. However, we were surprised to observe no reproducible reduction in the extent of phosphorylation of any of the mutant middle T antigens, particularly in view of the marked differences in the capacity of the mutants to induce full transformation. For comparison, we measured the in vitro phosphorylation of middle T antigen encoded by mutant d123. In two separate experiments, d123 extracts displayed highly variable amounts of phosphorylated middle T we measured the in vitro phosphorylation of proteins immunoprecipitated with anti-pp60csrc (Fig. 4D) . The 55-kDa protein frequently present in anti-polyomavirus tumor serum immunoprecipitates was not observed in these assays. Instead, a ca. 60-kDa protein was observed in each sample, and partial proteolysis with V8 protease suggested that this protein was pp6Ocsrc (data not shown).
The amount of phosphorylated pp6Ocsrc present in the MT-dll and MT-GAS immunocomplexes was somewhat less than in the Ad175 and MT-IF samples, but given the vagaries of this assay procedure, we are not convinced of its significance. For each mutant, a phosphorylated middle-T-antigen species was detected (Fig. 4D) , confirming the association of these altered species with pp6Ocsrc. DISCUSSION It is apparent from these results that middle-T-antigen sequences near (Glu)6-Tyr-315 profoundly affect the capacity of polyomavirus to transform cells. This highly charged sequence is a dominant structural feature of the protein; it undoubtedly resides on the surface where it can interact with pp60csr. Deletion of this sequence and surrounding amino acid residues qualitatively altered the phenotype of transformed cells. However, substitution of a comparable sequence from porcine gastrin containing consecutive glutamic acids and a tyrosine residue did not restore biological function to middle T antigen. Hence, more subtle structural elements outside of this immediate sequence must be of considerable significance for the biological activity of middle T antigen.
Analysis of the hydropathy of this section of middle T antigen from wild-type virus, from the deletion mutant MT-dll, and from the gastrin substitution mutant MT-GAS indicates that the deletion of the (Glu)6-Tyr-315 sequence considerably shortens a hydrophilic section of the protein (as expected), but insertion of the gastrin sequences in MT-GAS does not fully restore a similar hydrophilic domain; instead, the hydrophilic gastrin domain is interrupted by hydrophobic residues. Deletion of the latter residues in MT-GASdIAB caused the hydrophilic sequence to more closely resemble the original middle-T-antigen segment, but we still observed no major restoration of biological function in this virus. Examination of the reported biological activities of other mutants with deletions throughout this area does not provide a simple picture. In general, deletions removing the penultimate glutamic acid residues and sequences adjacent to Tyr-315 greatly reduce transformation efficiency (14, 19, 25, 29) . Surprisingly, a mutant lacking much of this region has been reported to induce fully transformed Rat-1 cells approximately one-fifth as well as wild type (27) . Another mutant with a deletion downstream of this region (lacking residues 337 to 347) is deficient in transformation, but mutants lacking sequences between these areas are transformation competent (26) . Because these mutants have been introduced into different cell lines using in some instances cloned DNA and in other instances virus, it is not possible to make direct comparisons of the transformation efficiencies. However, from these results we conclude that a specific amino acid or group of amino acids in this region is important for middle T function, but it is not solely the (Glu)6-Tyr-315 sequence.
Analysis of the importance of Tyr-315 for transformation has led to conflicting results (8, 27, 31) . In part, these may be explained by the use of different cell types to measure transformation, but clearly this issue needs to be resolved. As this tyrosine in middle T antigen is preferentially phosphorylated by pp6csrc, we were curious as to how the changes introduced into middle T antigen would affect that reaction. We presume that the Tyr residue within the gastrin sequences is phosphorylated by pp6c-srcc just as is the homologous polyomavirus sequence, an assumption that is warranted by the observation that gastrin itself is an excellent substrate for tyrosine kinases (2) . By all the criteria we employed, we could find no reproducible evidence for a dramatic change in the association between middle T antigen and pp6Ocsrc as a consequence of deleting the (Glu)6-Tyr-315 region or substituting for it the homologous gastrin sequences. However, the variability in the in vitro kinase assay may mask quantitative differences in phosphorylation. If these mutational changes in middle T antigen affect pp6c-src activity, more reliable assays using exogenously provided substrates such as casein (6) will be required to detect such changes. Alternatively, middle T antigen may modify cellular kinases phosphorylating lipids such as phosphatidylinositol (46) . We are currently measuring the effect of these mutational alterations upon such activities.
Although the qualitative nature of transformation by these mutants is quite different from that of wild-type polyomavirus, the efficiency with which cells become transformed may not be dramatically different. With longer incubation periods, we observed a continued increase in the number of transformants, and enhancing the introduction of DNA into cells by using virus infection, rather than DNA transfection, in most cases increased the frequency of transformants to a level observed with wild-type virus. This suggests that the amounts of defective proteins expressed by low numbers of virus DNAs within cells are not capable of inducing a fully transformed phenotype. Although it might be interesting to determine whether the copy number of polyomavirus genomes within cells transformed by such mutants is higher than that of cells transformed by wild-type virus, the semi-permissiveness of rat cells is likely to render meaningful measurements of this type difficult to obtain. The cells transformed by these mutants, however, grew more slowly and displayed properties similar to those described by Seif (38) for d123-transformed cells. Further characterization of the growth properties of these cells is in progress and may reveal the basis for their altered phenotypes.
Finally, some comment can be made about the provocative speculation that polyomavirus middle T antigen and the gastrin family of peptide hormones share a common ancestor (1) . Although the consecutive stretch of glutamic acids followed by tyrosine is an extremely rare sequence in proteins, our experiments establish that there is little reason to believe this region of polyomavirus middle T antigen shares functions in common with gastrin. Additionally, inspection of the structure of the polyomavirus sequences encoding middle T antigen makes such a possibility unlikely. A crucial element in the function of middle T antigen is its hydrophobic COOH tail (7, 44) . These residues are encoded by polyomavirus DNA which is homologous with SV40, and that DNA also encodes, in a separate reading frame, residues which are believed to be important for the DNA replicative functions of large T antigen. The SV40 DNAreading frame equivalent to that utilized by polyomavirus to encode middle T antigen, however, does not code for a hydrophobic segment of protein. Hence, it is difficult to visualize (starting with a virus resembling SV40) a gene capture which would produce a virus with a functional middle T antigen simultaneously having both the gastrinrelated region and a hydrophobic COOH tail. It seems more likely that the ancestral virus from which polyomavirus and 
